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SUMMARY
Comparative kinetic and structural analysis of a variety of polymerases has revealed both common and divergent elements of nucleotide discrimination. Although the parameters for dNTP incorporation by the hyperthermophilic archaeon Family B Vent DNA polymerase are similar to those previously derived for Family A and B DNA polymerases, parameters for analog incorporation reveal alternate strategies for discrimination by this enzyme. Discrimination against ribonucleotides is characterized by a decrease in the affinity of NTP binding and a lower rate of phosphoryl transfer, whereas discrimination against ddNTPs is almost exclusively due to a slower rate of phosphodiester bond formation. Unlike Family A DNA polymerases, incorporation of acyNTPs by Vent DNA polymerase is enhanced over ddNTPs via a 50-fold increase in phosphoryl transfer rate. Furthermore, a mutant with increased propensity for nucleotide analog incorporation (Vent A488L DNA polymerase) has unaltered dNTP incorporation, while displaying enhanced nucleotide analog binding affinity and rates of phosphoryl transfer.
Based on kinetic data and available structural information from other DNA polymerases, we
propose active site models for dNTP, ddNTP and acyNTP selection by hyperthermophilic archaeal DNA polymerases to rationalize structural and functional differences between polymerases. Structural and kinetic analysis of Family A DNA polymerases (7) (8) (9) (10) (11) (12) (13) (14) and Family B DNA polymerases (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) have increased understanding of nucleotide selection and incorporation mechanisms. Although amino acid sequences diverge between these two Families, structures of Family A and Family B DNA polymerases share recognizable finger, thumb and palm subdomains that allow comparison of structural elements important for function (3, 11) . In the case of Family A DNA polymerases from bacteriophage T7, E. coli (Klenow fragment: large fragment of DNA polymerase I) and Thermus aquaticus, as well as the Family B DNA polymerase from bacteriophage RB69, interpretation of the structural information is complemented by steady-state and pre-steady-state kinetic studies, allowing a detailed description of the polymerization pathway. Reaction parameters describing the discrimination against naturally occurring nucleotide analogs encountered in vivo, such as NTPs 1 , or unnatural nucleotide analogs such as ddNTPs or dye-labeled ddNTPs (13, (25) (26) (27) (28) (29) (30) have added insights into the basis for nucleotide discrimination. Buffer, and then mixed with inorganic pyrophosphate (PP i ) in 1X ThermoPol buffer at 60°C using rapid quench techniques as described above. The extent of pyrophosphorolysis at each time point was calculated by multiplying the mole fraction of each DNA species by the number of phosphodiester bonds hydrolyzed to generate that species. K D(PPi) and k pyro were derived using fitting protocols analogous to those described above for nucleotide addition. 
RESULTS

Analysis of dNTP incorporation by Vent DNA polymerase. Previous studies with
Family A DNA polymerases have shown the steady-state rate-limiting step for addition of a single correctly paired dNTP follows phosphodiester bond formation (8, 13, 46, 48) .
Consequently, the first round of polymerization occurs more rapidly than subsequent rounds, resulting in a rapid initial burst of product. Incorporation of dCTP by Vent DNA polymerase displayed a burst pattern similar to those seen with RB69 and AmpliTaqCS DNA polymerases, with a rapid burst (k burst = 60 s -1 ) followed by slow steady-state turnover (k ss = 0.90 s -1 ) (Table I; Figure 3A ). As indicated above, the burst is diagnostic for a rate-limiting step following bond formation; moreover, its amplitude is equal to the concentration of active enzyme, indicating that greater than 90% of the Vent DNA polymerase preparation was active. Under similar conditions, Vent DNA polymerase failed to show a significant burst with ddCTP ( Figure 3B ) or CTP (data not shown) incorporation. These data suggest the rate-limiting step during nucleotide analog incorporation has changed compared to dNTP. Upon substitution of ddCTP with ddCTPaS both Vent and Vent A488L DNA polymerase showed a 10-and 6-fold thio elemental effect (k burst(ddCTP) /k burst(ddCTPaS) ), respectively (Table I) consistent with an altered rate-limiting step.
Determinations of K D and k pol for dCTP addition by Vent DNA polymerase gave kinetic constants similar to those determined for other DNA polymerases ( Figure 4A ; Tables II and III) . thus the polymerase displays a minimal sulfur elemental effect (k pol(dCTP) /k pol(dCTPaS) = 0.80) ( Table   II) . (Table IV) . (Table II) .
Analysis of Vent
Analysis of ribonucleotide and nucleotide analog incorporation by
Comparison of CTP and dCTP parameters (expressed as the ratio of catalytic efficiencies: (Table III) .
ROX-ddCTP and ROX-acyNTP incorporation. Previous studies found ROXderivitized ddCTP and acyCTP to be more efficient terminators than their unmodified forms when using Vent DNA polymerase (33). Pre-steady-state kinetics revealed higher binding affinities, but slower incorporation kinetics for the ROX derivatives (Table II) , resulting in only marginal alterations in incorporation selectivity.
Analysis of enhanced nucleotide analog incorporation by Vent A488L DNA polymerase.
We previously reported enhanced incorporation of nucleotide analogs by Vent A488L DNA polymerase (32, 33). In a burst kinetics experiment, the A488L mutant enzyme gave an initial burst of dCTP incorporation at a rate similar to that seen with wild type enzyme (k burst = 45 s ) were similar to values derived for the wild type enzyme (Table II) . However, following the initial turnover, the steady-state rate of the A488L mutant polymerase was 9-fold slower than that of wild-type (k ss = 0.10 s -1
; Table I ), accounting for the lower specific activity of the Vent A488L mutant (32). As with wild-type Vent DNA polymerase, replacement of dCTP with dCTPaS had little effect on K D or k pol (Table II) . Vent A488L DNA polymerase was less active in pyrophosphorolysis compared to wild-type, a result of a three-fold reduction in PP i binding affinity and a two-fold decrease in k pyro (Table IV) (Table II) . Incorporation of ROX-acyCTP was largely unaffected by the A488L mutation (Table II) . incorporation of a-thio-ddNTP is an indication that the chemistry of phosphodiester bond formation significantly influences the rate limiting step for these polymerases.
The k pol rates with both polymerases were significantly slower for ddNTPs than for dNTPs: 50004200-and 400270-fold for Klenow fragment and Vent DNA polymerase, respectively. In the case of Vent DNA polymerase, this must reflect at least a slowing of the chemical rate, while for Klenow fragment at least the rate of pre-chemical step(s) must be slowed. Thus, the pre-chemical rate for Vent DNA polymerase ddNTP incorporation is at least 10-fold faster than comparable steps for Klenow fragment DNA polymerase. (Table III) (50) . A strong bias against acyNTP incorporation has also been noted for Taq DNA polymerase (33). ) is equivalent to a gain of two additional hydrogen bonds, which could be provided by hydrogen bonding between the main chain 412 amide, a putative water and an acyNTP b phosphate non-bridging oxygen to mimic interactions that exist in the dNTP active site ( Figure 5D ). At the same time, we cannot rule out stabilizing interactions arising from residues near the active site normally excluded by the 2' and 3' ribose carbons that are absent in acyNTP. Clearly, three-dimensional structural analysis will be necessary for a full In summary, from these comparative studies, we observe that kinetics of dNTP incorporation pathways are conserved among Family A and B DNA polymerases despite diversity in primary amino acid sequence, thermostability, fidelity and biological roles.
However, differences in acyNTP and other nucleotide analog catalytic efficiencies by Klenow fragment, Vent and other DNA polymerases illuminate fundamental differences underlying the kinetic pathway for DNA polymerization. As more DNA polymerases are studied kinetically, it is apparent that subtle structural variations in the active site influence how nucleotides are bound and positioned for catalysis. 
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